In this letter, following the work by Hohm and Zwiebach in arXiv:1905.06583, we show that in bosonic string theory, non-perturbative AdS vacua could exist with all α ′ corrections included. We also discuss the possibility of the coexistence of non-perturbative dS and AdS vacua.
For convenience and references, let us briefly summarize Hohm and Zwiebach's work on non-perturbative dS vacua. The details are referred to [5] . To the zeroth order of α ′ , the D = d + 1 dimensional spacetime action of closed string theory is
where g µν is the string metric, φ is the dilaton and H ijk = 3∂ [i b jk] is the field strength of the anti-symmetric Kalb-Ramond b ij field. For cosmological backgrounds, choosing the synchronous gauge g tt = −1, g ti = b tµ = 0,
and defining the O (d, d) dilaton Φ as follows
the action can be rewritten as
with
where M , an 2d × 2d matrix, is the spatial part of the generalized metric H of double field theory,Ȧ ≡ ∂ t A, and η is the invariant metric of the O (d, d) group
Noticing M is symmetric and then S = S −1 , this action is manifestly invariant under the O (d, d) transformations
where Ω is a constant matrix, satisfying
If we choose the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric, G ij = δ ij a 2 (t) and vanishing Kalb-Ramond field B = 0:
the matrix S becomes
Applying the O(d) ⊗ O(d) transformation, we have a new inequivalent solutioñ
which implies that the action is invariant under a (t) → a −1 (t), known as the scale-factor duality in the traditional string cosmology. The next step is to include the α ′ corrections. Benefiting from the O (d, d)
invariance, the corrections are classified by even powers ofṠ only:
Eqn. (12) is the action for the general background with all α ′ corrections. Eqn (13) is the O (d, d) covariant action applied on the metric (9) with B = 0, where c 1 = − 1 8 to recover eqn. (4) and c k≥2 are undetermined constants. Using the action (13) , in [4, 5] , Hohm and Zwiebach showed that non-perturbative dS vacua are permitted for infinitely many classes of c k≥2 , namely, a(t) = e H0t with H 0 = 0.
We then want to investigate if non-perturbative AdS vacua are also allowed. To address this question, an appropriate ansatz is crucial. We take the following ansatz
whose metric components depend on a single space direction, say x. The dimensionality is still D = d + 1. As we explained earlier, in [7, 8] , Sen proved that the reduced action based on such solutions also persists O(d, d)
symmetry to all orders in α ′ . The coset for the space of such solutions is
for the cosmological solutions (9) . In the appendix, we explicitly show that for this ansatz, the spacetime action (12) also possesses the standard O(d, d, R) symmetry and can reduce tō
where A ′ ≡ ∂ x A. Note the overall minus sign and we have a new set of undetermined coefficientsc k 's other than c k 's in eqn. (13) . It turns out that
and
where i, j = y, z, . . .. The EOM of (15) can be calculated directly,
where
It is easy to see thatḡ ′ (H) =Hf ′ (H). Note thatH (x) is not the Hubble parameter since our background is space dependent.
Now, let us check whether there is a solution a 2 (x) = e 2H0x for EOM (18) such that
The scalar curvature of this metric is
which implies that the metric (20) is an AdS background for constantH 0 = 0. To see it more clearly, applying the transformation x → − log[H 0 ξ]/H 0 , we recover the familiar Poincare coordinate
So, we haveH 0 = 1/R AdS , consistent with eqn.(21). If we do not include the α ′ corrections,f H ∼H 0 is a constant. From the second equation of (18), we can figure out that Φ is a constant. Therefore, to satisfy the first equation of (18), there must beH 0 = 0, so the metric (20) becomes flat and there is no AdS solution that we need. One thus concludes that there is no D dimensional AdS vacuum without fluxes and α ′ corrections.
Our aim is to search for solutions with constantH 0 = 0. Considering the effects of α ′ corrections, if there is a non-vanishingH 0 solution,f H 0 is a constant and then Φ is also a constant from the second equation of (18). Finally, from the first and third equations of (18), we obtain the condition for non-vanishingH 0 solution:
Let us seek the general form off H with specific choices of c k≥2 to satisfy the condition (23). Instead of f H , it is better to consider its integral,F
The conditionf H 0 =ḡ H 0 = 0 are replaced bȳ
It is then easy to understand that the general form
admits 2k solutions of AdS vacua: ±H
0 , for an arbitrary integer k > 0. So, the question is: Do the coefficientsc k 's support the function form (26) ? Though a definite answer looks impossible up to now, the bottom line is that α ′ corrections do support a possibility for non-perturbative AdS vacua. The same story occurs for the dS vacua as explained in [4, 5] .
However, the real story may be intriguing. As an illustration, let us assume all orders of α ′ corrections having a very special form to givē
This function form is a valid candidate of (19) for special choices ofc k≥2 . It includes all orders of α ′ corrections and evidently is non-perturbative. The solutions satisfying the conditionf H 0 = 0 are
It is easy to checkḡ H 0 = 0 is also satisfied for these solutions, leading to discrete infinity of AdS vacua.
However, note the coefficient relations (16) we showed that, when expressed in RNC (Riemann normal coordinates), the AdS (dS) metric can be summed into a simple form: named as J-factor by some mathematicians. To see it explicitly, considering the non-linear sigma model of string theory:
we can expand X i at some pointx, say
Locally around any point, one can always pick Riemann normal coordinates
When the background is maximally symmetric, the expansion is greatly simplified and can be summed into a closed form. For dS, we have
If the background is AdS, we get
Noting that H 0 ∼ 1/R dS andH 0 ∼ 1/R AdS , therefore, the results strongly suggest that the beta functions Finally, we wish to remark that we only consider the string metric. The relation between Einstein metric g E µν and string metric g µν is g E µν = e − 4φ D−2 g µν . When we substitute our solution that constant φ andH 0 = 0 back into Einstein frame,H E 0 goes to zero and metric becomes the flat. It implies there is no dS or AdS vacuum when φ is a constant in the Einstein frame without α ′ corrections.
where a, b = 2, 3, . . .. Mimicking the metric of cosmological backgrounds, we choose b xµ = 0 in our ansatz. It turns out this gauge is crucial to preserve the O(d, d) symmetry. In order to obtain the reduced action by using the ansatz (35), we rotate between the time-like t and the first space-like x directions and rewrite the metric and b µν as
So g 00 ≡ g xx , g 11 ≡ g tt and b 00 ≡ b xx , b 11 ≡ b tt . Henceforth, we will use (36) and (37) as the definitions for g µν and b µν .
Since we only need to use G ij as a whole to discuss the O(d, d) symmetry but not its components, the timelike minus sign G 11 (x) = −a 2 (x) does not show up until calculating the reduced action. Straightforwardly, the Ricci tensor is
where we used the notation
We then introduce the O (d, d) invariant dilaton Φ, defined as:
Therefore, the action (33) can be rewritten as
where we usedĪ 0 to replace I 0 to indicate we are working with the ansatz (34). Using the integration by parts
the action becomesĪ
Moreover, we want to point out the sign differences between our ansatz (34) and the time-dependent FLRW metric:
whereÃ represents the quantities calculated in the time-dependent FLRW background. For the Ricci scalar, we have
Finally, the tree level action (33) becomes
Since
where Ω satisfy Ω T ηΩ = η. Considering the gravitational background with B ij = 0 and a global transformation
This is the space-dependent duality corresponding to the scale-factor duality in the time-dependent FLRW background.
The action (55) can be further simplified by using the tree level EOM of Φ from (48), which is
Then the action is reduced tō
This action manifests the invariance under the O (d, d, R) transformation
Higher order corrections of α ′ For our ansatz, we have shown that the zeroth order and the first order in α ′ can be rewritten into a standard
Following the same logic of [4, 5] , it is reasonable to assume it is also true for all orders in α ′ .
Following the derivations in [5] , we now show that for our ansatz, the action can be put into the reduced form (15) . From the definition M, it is easy to get TrM = TrM ′ = TrM ′′ = 0. Thirdly, if the terms of the higher order α ′ -corrections take a form as Tr M m M ′k , by using MM = 1, we get
Finally, due to (59), the dilation could be replaced by TrM ′2 . In summary, the higher order corrections of α ′ are constructed by M ′2 . For example:
Furthermore, considering the action at zeroth order (48), the variation for g xx gives
This variation can be generalized to the higher orders with X 2k (M ′ ) = Tr (M ′ ) 2k1 · · · Tr (M ′ ) 2kn , k = k 1 + k n :
where δg xx = βα ′k X 2k (M ′ ) .
If we substitute this redefinition (69) back into (67) and set βk 2(4k−1) = −1, we will find the terms with TrM ′2 can be eliminated when we sum (67) and (68). In other words, we can safely set TrM ′2 = 0 for α ′ corrected terms in the action and obtain
The action with higher order α ′ -corrections then reduces tō
After extracting an overall minus sign of the action above, the even orders of α ′ -correction acquire a minus sign.
Sincec k is the coefficient of TrM ′2k , which is not modified by Φ ′k ≃ 1 8 k−1 k−3 Φ ′k−2 TrM ′2 , the values of |c k | and |c k | are same with each other. Moreover, the signs can be easily checked by using (41), (45) and (46) to all orders, we findc 1 = c 1 = − 1 8 ,c 2k+1 = c 2k+1 ,c 2k = −c 2k . It is worth noting that the relationships betweenc k and c k are not changed after including the contributions of the multi-trace terms.
